Background: The Vibralung Acoustical Percussor is a new airway clearance therapy (ACT) utilizing intrapulmonary sound waves in addition to positive expiratory pressure (PEP). We evaluated the safety of the Vibralung and collected preliminary data on its ability to mediate sputum expectoration in individuals with cystic fibrosis (CF). Methods: Over two separate studies, 10 and 11 mild to moderate CF patients were recruited for study I and II, respectively. Study I: Vibralung was used for 20 min with either no sound (NS: PEP only) or sound (S: PEP and sound) on randomized visits. Pulmonary function, diffusion capacity of the lungs for carbon monoxide and nitric oxide (DL CO /DL NO ), symptoms, and peripheral oxygen saturation (SpO 2 ) were measured at baseline and at 1 and 4 h post treatment. Expectorated sputum was collected over 4 h post treatment. Study II: over 5 days of in-hospital therapy, the Vibralung or vibratory vest therapy (Vest) were used for two therapy sessions per day, with sputum collected for 20 min following each therapy and pulmonary function accessed pre and post each 5-day period (days 1-5 or 7-11) in a randomized crossover design. Results: Vibralung usage resulted in no change from baseline to 4 h post in pulmonary function, SpO 2 or symptoms (p > 0.05). At 4 h post therapy, the DL CO -and DL NO -derived measure of alveolar-capillary unit function (DM/V C ) showed improvement (DM/V C = 12.5 ± 5.5 versus 7.3 ± 18.8% change, S versus NS) with no difference between S and NS (p = 0.74). Sputum expectoration was similar between S and NS conditions (wet sputum = 10.5 ± 4.6 versus 9.9 ± 3.2 g, S versus NS, p = 0.25). There were no differences in the improvement in pulmonary function between Vibralung and Vest during either 5-day period during the hospital stay. Conclusions: Vibralung was well tolerated and caused no detrimental changes in pulmonary function metrics. The Vibralung appears to be a safe ACT in individuals with CF.
Introduction
Cystic fibrosis (CF) is an inherited autosomal recessive disease where gene mutation of cystic fibrosis transmembrane conductance regulator chloride channel impairs the secretory abilities of various endocrine organs and tissues. 1, 2 In the lungs, the impairments in salt regulation cause a drastic depletion of the airway surface liquid (ASL). With the ASL depleted, the mucus compresses the cilia such that they cannot properly beat to facilitate mucus clearance. The stagnant thick mucus that is not cleared can obstruct the 2 journals.sagepub.com/home/tar distal airways and submucosal glands and becomes a breeding ground for bacteria and other pathogens. 3 A chronic cyclic state of infection and inflammation causes damage to the airways, a progressive decline in lung function, and for many, eventual failure if there is no lung transplant. 2, 3 For this reason, removal of mucus and airway secretions, termed airway clearance therapy (ACT) is a crucial piece of the treatment and management of CF. 4 There are a variety of airway clearance methods and devices available for ACT. To be effective, the method used must increase mucus clearance. It is crucial to move stagnant mucus to improve gas exchange, minimize colonization of infections, and support the overall goal to attenuate decline in pulmonary function. Currently, ACT methods include postural drainage and percussion therapy (PD and P) performed by a respiratory therapist or family member, high-frequency chest wall oscillation/compression (HFCWO/ HFCWC, wearing a vibratory vest), positive expiratory pressure (PEP) masks or oscillatory PEP devices such as the Acapella ® and Flutter ® , and breathing techniques (active cycle of breathing and autogenic drainage). All methods are generally followed by cough to facilitate sputum expectoration. Although an important part of CF management is to maintain health, prevent deterioration, and treat pulmonary exacerbations, the extent of adherence for ACT has been reported to be as low as 54% and as high as 96.5%. [5] [6] [7] [8] [9] [10] Previous research has compared ACT methods against one another, and systematic reviews have concluded that efficacy for preserving pulmonary function, and facilitating mucus clearance is comparable between most devices. [11] [12] [13] With no method demonstrating superiority, it is important to note this does not mean that all therapies are equally effective for all patients. The key is for the individual and their CF care team to choose an ACT method that is most effective, but probably more importantly, that the individual will have the highest adherence rate using it.
Recently, the Vibralung Acoustical Percussor (Vibralung, Westmed, Inc., Tucson, AZ) device became a new ACT option that is cleared by the US Food and Drug Administration (FDA) and commercially available. The Vibralung is a handheld device a patient breathes through as it applies sound waves, at various frequencies, over a 10-min treatment protocol, directly to the intrapulmonary airways. The Vibralung device is hypothesized to internally vibrate the airways by the phenomenon of sympathetic resonance, akin to vibrating windows in a home if a stereo music system is played at high volumes. It has been postulated that the increase in sputum expectoration is derived from the sound waves effectively vibrating the boundary between mucus and the airway surface to which it adheres. This technique allows direct airway vibration that is accomplished without the need to vibrate the entire body. In addition, the Vibralung device applies a wide range of progressively increasing frequencies throughout the treatment session, rather than a single frequency. This sequential frequency-stepping technique is used to accommodate the acoustic theory that, the smaller the tube or cylinder (airway segment), the higher the frequency applied must be to vibrate it at its resonant frequency. As such, most Vibralung settings progress from a set of low frequency tone pulses (for large diameter/longer airways) to increasingly higher sets of tone pulses (for smaller diameter/shorter airways) in order to effectively vibrate as many different sized airway segments as possible. 14 Additionally, the Vibralung incorporates PEP to slightly dilate airways during exhalation, to mitigate airway collapse and promote effective mucus expectoration that is currently being used as an effective ACT on its own. [15] [16] [17] Therefore, the purpose of this research was to determine the safety of the Vibralung Acoustical Percussor and collect preliminary data on its efficacy for mediating sputum expectoration in individuals with CF in two studies: (a) to compare the use of sound (S) versus no sound (NS) (to determine if the intrapulmonary sound waves were harmful to the lungs); and (b) to compare Vibralung versus vibratory vest therapy (Vest) in hospitalized individuals with CF.
Methods

Study population
Individuals with CF with mild to moderate lung disease [forced expiratory volume in 1 s (FEV 1 ) > 40%] between the ages of 10 and 55 years, clinically diagnosed with a positive chloride sweat test and who had not had a pulmonary hemorrhage within the past 6 months or pneumothorax within the past year, and were not taking any experimental drugs, were recruited for participation in these studies. In study I, the 10 CF patients recruited were clinically stable (no pulmonary exacerbations or hospitalizations within the previous month or taking any antibiotics for a pulmonary exacerbation). In contrast, for study II, the 11 CF patients recruited were those who had been admitted to the hospital for a pulmonary exacerbation, who were expected to be admitted for a minimum of 2 weeks, and who could be recruited within the first 48 h of their admission. The protocol was reviewed and approved by the University of Arizona Institutional Review Board. All participants provided written informed consent prior to study, and all aspects of the study were performed according to the Declaration of Helsinki.
Study device
The Vibralung Acoustic Percussor device couples sound waves emitted by the speaker directly to the tracheobronchial tract at frequencies between 5 and 1200 Hz that encompass many of the natural resonant frequencies of the human tracheobronchial tract. 14 The device is capable of generating various sound frequencies and patterns which have been assigned descriptive names by the manufacturer: Random Noise, Low, Medium and High. The Random Noise mode causes the speaker to emit a continuous 'hash' of random, simultaneous frequencies between 5 and 1200 Hz, such that the resulting sound is perceived by humans as 'static'. For this study, a single usage would last 10 min and entail 1 min of Random Noise, followed by 7 min of sequential frequency-stepping pulses (perceived by humans as a series of musical 'beeps') over the range of 69.3-662.2 Hz, and then ended with 2 min of Random Noise.
Study participants were instructed to keep the original nozzle-shaped mouthpiece in their mouth, to couple the sound waves to their airways. Patients wore a nose clip during the treatment period to obviate nose breathing and direct all sound waves into the tracheobronchial tract through the mouthpiece. Patients would inhale around the mouthpiece, but exhale through the mouthpiece, where the exhaled air would escape through two small holes in the housing. These holes were of sufficient size to allow exhalation while also producing PEP of approximately 4-5 cm H 2 O.
The Vibralung device utilized in our study was the single-piece commercial handheld device, available at that time (years 2010-2011), which contained the mouthpiece attached to a small acoustical loud speaker that produces audible pulsatile tones generated by an electronic controller that is part of the device handle and where the battery was also housed. After this study, the twopiece commercial device, consisting of (a) a separate hand-held unit with speaker housing and mouthpiece, and (b) a separate electronic controller and battery unit, was cleared for marketing by the FDA in 2014 and is currently in clinical use in 10 CF centers across the US.
Study design
The data collected encompassed two studies.
Study I. Participants completed two randomized treatment visits ( Figure 1 ). On one visit, the patients used the Vibralung device with S through two of its programmed 10-min treatments as described above for a 20-min total treatment. For the other visit, the patients used the Vibralung device with NS, such that they were breathing on the device incorporating only PEP for 20 min. For both visits, patients arrived fasted and refrained from taking albuterol the morning of their treatment visit. Upon arrival, patients were equipped with a 12-lead electrocardiogram and had a single blood draw to determine hemoglobin concentration. Indices of safety for this study included assessment of cardiovascular function (cardiac output and heart rate), pulmonary function, diffusion capacity of the lungs for carbon monoxide and nitric oxide (DL CO /DL NO ) as primary outcomes, and peripheral oxygen saturation (SpO 2 ) and symptoms as secondary outcomes. These measures were performed at baseline, 1 h, and 4 h post treatment. Patients were instructed to perform the huff cough maneuver every 30 min to aid in sputum clearance and the total sputum produced over the 4 h was then measured (wet, pellet, and dry weight). Patients completed a Likert scale survey that asked about pain, comfort, ease of breathing before, during, and after treatment. These metrics plus the perceived change in mucus clearance and the patient's impression on ease of use and likelihood to use the device were also assessed at 1 and 4 h post treatment.
Study II. Patients were recruited within the first 48 h of admission to the hospital. Based on the order that the patient was recruited in, s/he was assigned the condition that had been randomly assigned to each patient number from 1 to 30 using a random number generator to assign conditions A-C to each of the 30 recruitment slots, such that there would be 10 patients in each condition with successful enrollment of the desired 30 total participants. A detailed timeline of the schedule of ACT and pre, post and daily measurements for each condition is provided in Table  1 . A Vibralung treatment consisted of using the 10-min program three times in succession for a total treatment time of 30 min. This kept the treatment time the same between the two airway clearance modalities (Vibralung and Vest). The Vest treatments were 30 min, using the frequency and pressure settings prescribed by the respiratory therapist per physician-approved protocol specific for each patient. For the health and safety of the participants, the Vibralung treatment arm utilized the Vibralung at two of the four daily treatment times, while still having the patient utilize the Vest at three of their treatment times, which was the current prescribed minimum for individuals with CF at our center. This ensured that the patient always received three conventional airway clearance treatments daily, since the safety and efficacy of the Vibralung had not yet been proven in humans and we did not wish to inadvertently diminish the standard of care during the study. The Vest was chosen as the comparator because it was the most common airway clearance technique used by individuals with CF in our center when they were at home. Additionally, postural drainage and percussion by a respiratory therapist was not allowed as an airway clearance treatment modality to keep with only nonmanual methods.
The primary endpoint for study II was again confirming safety of the device. For an initial evaluation of effectiveness of sputum clearance mean weight of the sputum expectorated following the morning and afternoon treatments over a 5-day treatment period (days 1-5 or days 7-11) was compared between Vibralung and Vest usage participants for that 5-day period.
Experimental procedures
Pulmonary function testing. Spirometry was performed according to American Thoracic Society guidelines using the Medical Graphics CPXD (Minneapolis, MN, US) for study I and the por- Quantification of sputum sample weight. Wet weight (sputum and saliva) was determined as the total sample weight excluding the empty container weight. The sample was then centrifuged at 27,000 RPM for 15 min at 4°C and the supernatant (saliva) was removed and the pellet weight determined. Finally, the samples were dried using a vacuum and room air, to determine the dry weight. [16] [17] [18] [19] [20] The patients were instructed to almost completely empty the bag, and the disappearance of the gases with each breath was sampled using a mass spectrometer (Perkin Elmer, St. Louis, MO, USA) 
Post: admission day 12 Full PFT and survey Full PFT and survey Full PFT and survey
A full PFT and a survey of pain, comfort, ease of use and changes in breathing and sputum clearance when using the Vibralung or Vest was performed every 5 days to cover the pre-and post-time periods for crossover design of Vibralung or Vest use. ACT: a single ACT treatment (Vest or Vibralung) was 30 min in duration. Condition C was the control condition, where for the entire 12-day duration of their stay/participation in this study, patients utilized the Vest for all their daily airway clearance treatments. Assessments: sputum was collected for 20 min post ACT treatment and oxygen saturation was assessed at the end of sputum collection. For Vibralung 3 p.m. treatment in Condition A, the assessment was performed after the Vibralung before the Vest treatment was started. ACT, airway clearance therapy; PFT, pulmonary function; SpO 2 , peripheral oxygen saturation; survey, Likert survey to assess symptoms; Vest, vibratory vest therapy.
and NO analyzer. The rate of disappearance of acetylene from the exhaled gas mixture during rebreathing was used to assess cardiac output.
Since acetylene does not bind to hemoglobin, the rate-limiting step in its disappearance is the flow of a new volume of blood through the lungs. Because all the blood in the pulmonary circulation per min is equal to the volume of blood in the systemic circulation per min, the measure of the disappearance of acetylene provides a measure of cardiac output. 19 The rate of disappearance of the gases with each breath can be calculated from the slope of the exponential disappearance for each gas with respect to helium, using custom software. 20 The two resistances determining DL CO are the conductance of carbon monoxide (CO) across the alveolar-capillary membrane and plasma barrier, DM, and the erythrocyte that includes rate of CO uptake by the blood and of binding to Hb (Ө CO ) and the pulmonary-capillary blood volume (V C ). This model of diffusion capacity of the lungs was described by Roughton and Forster: 21
In contrast to DL CO , DL NO has been considered a relatively direct measure of membrane conductance (DM NO ), as the diffusion resistance of the blood is trivial, [22] [23] [24] [25] but not infinite, and for our purposes of comparing change in response to a stimulus, it gives reliable results for evaluating changes in DL CO and its components in one maneuver rather than multiple maneuvers at different oxygen tensions. 26 Using this assumption, the DM NO value is used to calculate the DM for carbon monoxide (DM CO ) by adjusting for differences in diffusion constants based on molecular weight and solubility between the two gases as described previously using an alpha ratio of 2.2. 22, 27 Pulmonary-capillary blood volume (V C ) is then calculated from the DL CO measured by subtracting the resistance to diffusion associated with alveolar-capillary barrier (DM CO ) and correcting for differences in the rate of uptake and binding to hemoglobin (Hb; 1/θ) due to differences in Hb concentrations and the alveolar pressure of oxygen, as described previously using the Roughton and Forester 2.5 Ө CO equation. 22, 27, 28 Statistical analysis. The SPSS statistical software package (v.20; SPSS, Inc., Chicago, IL) and GraphPad Prism 7.03 (La Jolla, CA, USA) were used for all statistical analyses. Due to the small sample size and non-normal distribution, for study I data, the Wilcoxon signed-rank test was used to compare within-patient response to the Vibralung with and without sound, and for study II data, the Wilcoxon Mann-Whitney U test was used for comparisons between patients using the Vest versus those using the Vibralung during the first 5 days or the last 5 days. Due to outliers, skewness and non-normal distribution in some of the variables' summary values are present as median and interquartile range (IQR).
Results
To determine the safety of the Vibralung Acoustical Percussor and its ability to mediate sputum clearance, data were collected over two studies. In study I, the Vibralung was used for a single treatment, either with S or with NS (only PEP) to assess the device's safety over a 4 h post-treatment follow-up period and to determine the ability of the Vibralung's utilization of sound waves to improve sputum clearance. In study II, the safety and the ability of the Vibralung to facilitate mucus clearance was compared with traditional Vest in individuals with CF who had been admitted to the hospital for a pulmonary exacerbation. Although the current condition of study II patients had necessitated a hospital admission, only age was significantly lower than that of the study I patients ( Table 2) .
Study I
Across the 10 participants in study I, there was no clinically significant decline in any of the pulmonary-function-test-measured indices of safety after treatment with the Vibralung device with both S and NS with the change from baseline provided in the box plots in Figure 2 and average absolute values for the three time points provided in Table 3 . There was no real change in DL CO and alveolar-capillary membrane conductance (DM), as well as no change or an improvement in DM/V C , a measure of diffusion at a functional unit ( Figure 3 and Table 3 ). On the NS visit, there was one outlier who demonstrated a large increase in the diffusion parameters. Since a few days after the NS visit, this individual was admitted for an exacerbation; this large increase was likely the result of having no medications the morning of the visit in her more exacerbated state, which reduced her baseline lung diffusion, such that performing ACT to move some of the mucus around was more beneficial for this patient. During both visits where the participants remained seated and relaxed there was no change in cardiac output, but this long period of sedentary activity did result in a reduction in heart rate of less than 5 beats per min on average and a related drop in V C which averaged around 4 ml for both visits (Figure 4(a,b) and Figure 3 (c), Table 3 ). Finally, there was no significant drop in SpO 2 noted, except in one patient who desaturated by 8%, but demonstrated no major decline in pulmonary function and diffusion metrics over the post period ( Figure 4c , Table 3 ).
From the user feedback gathered through a questionnaire, the most common comments were that: (a) the mouthpiece was uncomfortable, tiring and made lips sore; and (b) having to wear the nose clip during the treatment caused some mild soreness. Overall, the Vibralung was found to be easy to use. Patients appreciated its compactness, and 50% of patients stated that using the Vibralung would help improve their compliance. From a Likert 5-point scaling system (1) (2) (3) (4) (5) , patients rated on average no pain (1), but a slight discomfort (2.1), found the device easy to use (1) and did feel there was a noticeable change in their breathing (2.3) or in their ease of clearing mucus (2.6).
The Vibralung with addition of sound did not appear to further enhance sputum clearance in addition to PEP alone within the 4 h time period as mean sputum weights were not different between the two treatments overall (Table 4 ). However, reviewing the weights of the specific fractions within each individual participant showed that the use of sound did tend to facilitate slightly larger pellet and dry weights for some patients, and these weights are more representative of the viscous mucus that airway clearance therapy is aiming to mobilize (Supplement Figure 6 ).
Study II
Out of the 11 patients that were recruited, 2 completed condition A, but only 1 completed the crossover as the other two were discharged after 5 days; 5 patients were in condition B and 4 patients completed condition C. As such, for days 1-5, the Vest group included patients from both conditions B and C who were using the Vest during this 5-day period and for days 7-11 the Vest group included patients from conditions A (had used the Vibralung days 1-5) and C (had used the Vest for days 1-5) ( Table 1 for condition reference).
When using the Vibralung or the Vest, all but two patients demonstrated improvements in their pulmonary function over the 12 days of the study (Supplement Figure 7) ; the only difference between treatments was seen over days [7] [8] [9] [10] [11] where patients using the Vest had a greater increase in FEF 25-75 compared with those patients using the Vibralung ( Figure 5 ).
As expected, patients produced more sputum (mean sputum over a 5-day period using the Vest or Vibralung), across all fractions, over the first 5 days of their admission compared with the final 5 days of the study, but there was no difference in sputum fraction weights between Vibralung and Vest usage over either 5-day period ( Table 5 ). The ease of sputum expectoration was variable amongst patients, with some unable to clear much of anything, while others were able to clear a considerable amount of sputum and the Vibralung appeared to be as effective as the Vest for some patients (Supplement Figure 8 ).
Discussion
This study demonstrates that the use of the Vibralung device was well tolerated in individuals with CF. The application of sound directly to the tracheobronchial tract did not result in dramatic decrements in lung function nor demonstrable damage to the alveolar-capillary membrane in individuals with CF. There were small decreases in expiratory flowrates throughout the 4-h study period, but this is likely due to: (a) within-day variability with repeated pulmonary function testing; and (b) the time that had elapsed since last bronchodilator use. Evaluation of the repeatability of FEV 1 measurements in CF adults demonstrated that the within-day variability between repeated measurements when there was no true change in clinical status was 0.106 l or 3.3% of predicted, 29 and any changes we measured from baseline to 1 h or 4 h post treatment were within this variability. Also Horvick and colleagues have previously demonstrated that both short-and long-acting beta-agonist daily use significantly increases pulmonary function across the day, but with albuterol, there is a fall back to baseline overnight, which can be minimized with use of a longer-acting beta-agonist. 30, 31 As such, we feel it is safe to conclude the Vibralung does not induce any detrimental changes in pulmonary function metrics that would equate to decline in clinical status. Since there was no difference in sputum production between S and NS PEP only, the added benefit of sound provided by the Vibralung was not demonstrated with this study.
In phase II of the study, we observed that the CF patients using the Vibralung for ACT during a hospital admission did not demonstrate any hindrance to improvement in pulmonary function. The observed variability in individual sputum weights between Vest and Vibralung between and within individuals reaffirms that not all therapies are equally effective for all patients.
For the majority of individuals with CF in the USA, the Vest is the primary ACT device used, but it is not ideal. For those who have never worn a vest, the feeling of being shaken is not always tolerable, especially when the individual has gastrointestinal issues or a feeding or access port, as in these settings, it can be uncomfortable to the point that treatment is skipped all together. With vest treatments done three to four times daily, the large and bulky nature of the Vest devices make them difficult to travel with. Finally, although more convenient in the sense that it allows independence in performing one's ACT, Vest devices can be costly, where at one time Vests were retailing at $15,000-20,000, 32 and now can be found new or used between $4000-8000. As such, assistance navigating the health insurance system to find coverage is needed or else the Vest is not economically viable for all patients. This high cost is why PEP breathing and oscillatory positive expiratory pressure (OPEP) devices are the primary ACT used by individuals with CF in Canada. 11 The Vibralung is more expensive than the PEP or OPEP devices, but at a lower retail cost of $3000, than most Vest options. Additionally, the Vibralung can also allow for simultaneous delivery of aerosol medications, a common technique used by individuals with CF while performing a vest treatment to save time. As such, the Vibralung, now commercially available, is another ACT method available for individuals with CF and one that can be considered by patients and their care teams as an ACT option. 
Limitations
The sample size used in this study was relatively small for both phases of study. Further, in study I, the patients were relatively healthy, suggesting that there may be more beneficial effects of the Vibralung in the short term that were not observed in the present study, due to the relatively healthy lungs of these patients. Because this is the first time the Vibralung has been studied in humans, and with concern for the care of the patients, the second study was designed such that certain Vest treatments were substituted with Vibralung treatments. Now that the Vibralung is FDA approved, future studies should compare solely Vibralung treatments with solely Vest (or other ACT device) treatments. Additionally, we chose to compare the Vibralung to the Vest because that was the most frequently used ACT by individuals with CF in our center when they are at home and an alternative oscillating wave technology, but comparison of the efficacy of the Vibralung to other PEP-only devices would also be important.
Conclusion
This study demonstrates that the Vibralung, an acoustic ACT device that couples sound waves directly to the tracheobronchial airways for the Absolute change (delta) from day 1 to 5 or day 7 to 11 (days 1-5 or days 7-11) when using Vibralung (Vibralung: days 1-5 = circles; days 7-11 = triangles) or Vest (days 1-5 = squares; days 7-12 = inverted triangles) as primary ACT treatment for basic spirometry metrics. Scatter plots provide the individual data as well as summarize the median (middle band) and the first and third quartiles (whiskers) across all patients: (a) forced vital capacity (FVC); (b) forced expiratory volume in 1 s of the FVC (FEV 1 ); (c) forced expiratory volume at 25-75% of the FVC (FEF purpose of loosening and mobilizing mucus, is well tolerated in individuals with CF with or without a pulmonary exacerbation and does not induce lung damage that could be detected by conventional pulmonary function tests. In two small studies, we observed: (a) no enhancement of sputum production between S-and NS-PEP only after a single use of the Vibralung; and (b) similar sputum expectoration levels with Vibralung therapy when compared with Vest treatment in individuals with CF who were hospitalized with a pulmonary exacerbation. The Vibralung appears to be a safe treatment in individuals with CF. Additional long-term clinical studies, in both hospitalized and homecare individuals with CF using the current commercially available and FDA-approved Vibralung should be undertaken to fully understand the potential benefits and efficacy of acoustical ACT in comparison with other available modalities.
